In this work, we report the effects of calcination temperature on structural, dielectric, semiconducting and optical properties of YFeO 3 nanoparticles prepared by a high energy ball milling process. The structural analysis of the X-ray diffraction data shows that YFeO 3 exists in orthorhombic as well as in hexagonal mixed phase states. The Rietveld analysis confirms that orthorhombic YFeO 3 crystallizes into Pnma space group. The optical band gap of YFeO 3 reduces from 1.96 eV to 1.68 eV with increasing the calcination temperature of the YFeO 3 sample. The band gap reducing effect might be attributed to the increased crystallite size and decreased lattice strain which is confirmed by the Williamson-Hall plot method. The obtained low band gap YFeO 3 ceramic may provide a new possibility to develop eco-friendly Ferroelectric photovoltaic devices.
Introduction
Recently, ferroelectric/multiferroic perovskites have attracted for the photovoltaic applications due to high photovoltage and potential for cost reduction of solar panels. Various perovskite ceramics such as BaTiO 3 , Pb(Zr x Ti 1-x )O 3 , BiFeO 3 and doped PbTiO 3 have shown considerable promise for ferroelectric photovoltaic applications [1] [2] [3] . However, there is a critical obstacle of reducing the optical band gap of multiferroic/ferroelectric perovskite ceramics using perovskites free from toxic lead. Various techniques such as doping and strain engineering of ceramic materials are being used to reduce the band gap [4] . Hence, the development of lead-free semiconducting multiferroic/ferroelectric ceramics with low band gap is an emerging research field for photovoltaics. Till date, most of the studied multiferroic/ferroelectric ceramics for photovoltaic applications are either lead-based materials or bismuth-based which are not environment-friendly. In this regard, YFeO 3 is a nontoxic and stable semiconducting material for ferroelectric photovoltaic devices. YFeO 3 is RTmO 3 perovskite-type oxide (with R = rare earth & Tm = transition metal) which shows the semiconducting behaviour at room temperature [5] [6] . This ortho-ferrite has multiferroic behaviour and has potential to substitute BiFeO 3 . It is now a well-known fact that nanomaterials show improved electrical and optical properties. High-energy ball milling is a simple and industrially viable method to produce nano-materials in large scale [7] .
In this work, we prepared YFeO 3 nanoparticles by the mechanochemical synthesis method using high energy ball milling and investigated their dielectric, semiconducting and optical properties after calcining at various temperatures. The Rietveld refinement of XRD data is used to investigate the crystal structure of YFeO 3 .
Experimental Details
The YFeO 3 nanoparticles were prepared by mechanochemical synthesis. The synthesis process was carried out using a high energy ball mill (PM400MA, RETSCH, Gmbh, Germany). Stoichiometric weights of constituent oxides, Y 2 O 3 (Sigma-Aldrich) and 
Results and Discussion
The room temperature XRD patterns in the 2θ range between 10° to 90° for YFeO 3 perovskite samples calcined at various temperatures are shown in Fig. 1(a) . The XRD pattern of the sample calcined at 750 o C consists of major orthorhombic phase and minor hexagonal phase. The proportion of secondary hexagonal phase of YFeO 3 decreases with increasing calcination temperature as reported earlier [8] . As shown in Fig. 1(b) by Rietveld fit using FullProf Suite [9] , at higher calcination temperature (1200 o C) most of the peaks in the XRD pattern can be indexed by using Pnma space group of orthorhombic structure. During the Rietveld analysis, we considered that Y 3+ ions occupy 4c site at (0.5+δx, 0.25, δz), Fe 3+ ions occupy 4b site at (0, 0, 0.5), O 2-(1) ions occupy 4c site at (δx, 0.25, 0.5+δz) and O 2-(2) ions occupy 4d site at (0.5+δx, δy, δz). Fig. 1(b are the average value of crystallite size and lattice strain, respectively [10] . The inset of the Fig. 1(b 2(a, b, c) show the SEM images of YFO nanoparticles calcined at 750°C, 900°C and 1200°C, respectively. Fig. 2(a) is recorded at high resolution. The particle size of YFeO 3 nanoparticles calcined at 750°C is around 30-70 nm. The particle size increases with increasing the calcination temperature from 750 to 1200°C.The particle size for the sample calcined at 1200°C is obtained to be 700 nm. Figure 2 . 3(a) shows the temperature dependence of dielectric permittivity of YFeO 3 at frequency 103 Hz, 1990 Hz and 4960 Hz. There are two relaxation peaks, first one below 30°C and a second peak around 230°C. The dielectric permittivity shows a shoulder on lower temperature side and starts decreasing from 30°C to 75°C, which may be due to a low temperature phase transition. There is an increase in dielectric permittivity above 100°C which is due to enhancement in conductivity losses [11] . The low value of dielectric permittivity can be attributed to the small size of particles. The dielectric loss shown in Fig.   3(b) initially decreases and become almost constant from 75°C to 175°C but further increases with increasing the temperature. The rapid enhancement in dielectric loss above 250°C may be due to formation of defects [12] . As shown in Fig. 3(c) , decrease in resistivity above 50°C is observed which confirms that YFeO 3 has semiconducting nature. Another peak in resistivity at higher temperature is seen which correspond to dielectric permittivity peak.
Optical absorbance spectra and corresponding Tauc plots of YFeO 3 powders are shown in 
Conclusions
In summary, the high energy ball milling process is shown to be efficient in the preparation of YFeO 3 nanoparticles. The analysis of the X-ray diffraction data indicates that the structure of YFeO 3 consists of coexisting orthorhombic and hexagonal phases. The Rietveld analysis of the X-ray diffraction reveals that orthorhombic phase (Pnma space group) is the dominant phase which increases with increasing calcination temperature. The analysis of the HRSEM/SEM micrographs shows that particle size increases with enhancing synthesis temperature. The calcination temperature of the high energy ball milled sample is the key factor in the band gap engineering of YFeO 3 multiferroic material. The low band gap and semiconducting behaviour of YFeO 3 will be useful to develop and design the absorbing layer of the ferroelectric photovoltaic devices.
